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The complexity of translation is a classical dilemma in the evolution of biological 
systems. Efficient translation requires coordination of complex, highly evolved RNAs 
and proteins; however, complex, highly evolved RNAs and proteins could not evolve 
without efficient translation system.  At the heart of this complexity is the ribosome, itself 
a remarkably complex molecular machine.  Our work illustrates the ribosome as 
deconstructed units of modification. 
 
Here we have deconstructed a segment of the ribosome to interacting RNA-





) independently of the fully assembled ribosome. This suggests that DIII
core
 
represents the functional rRNA unit in DIII-L23 interaction. Furthermore, L23
peptide
 
sustains binding function in vitro with both DIII and DIII
core
 independently of any 
stabilizing effects from the globular domain of L23. The ability of L23
peptide
 to form a 1:1 
complex with both DIII and DIIIcore suggests that L23peptide is the functional rProtein 
unit in DIII-L23 interaction. We believe that our results will stimulate interest and 
discussions in the significance of 3D architecture and units of evolution in the ribosome.  
The ubiquity of the ribosome in cellular life prognosticates that our results impact and 
appeal to biologists, chemists, bioinformaticists, as well as the general scientific 








Evolution of translation 
The origin of complexity in biological systems is a classic evolutionary dilemma. 
Storage and transfer of genetic information and efficient functioning of metabolic 
machinery are two necessary conditions for the origin and sustenance of life. Translation 
bridges the two necessary conditions by employing nucleic acids that encode genetic 
information and result in the synthesis of proteins. On a molecular level, translation is 
perhaps the most complex of biological processes. The universal macromolecule that 
serves as the site for translation is the ribosome. Messenger RNA (mRNA), transcribed 
from the organism’s genome, binds with the ribosomal small and large subunits to initiate 




Figure 1.1. Schematic representation of translation of mRNA by ribosome. [Adapted 
from [1]] 
 
The ribosome is a ribonucleoprotein complex. Ribosomal RNA (rRNA) catalyzes 
peptide bond formation while ribosomal proteins (rProteins) are involved in stabilizing 
the overall structure of the ribosome as well as in the basic steps of translation such as 
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initiation and elongation [2].  Early ideas about the origin of translation baffled scientists 
with the classic chicken and egg problem: If the early ribosome required proteins for its 
own function, how could it evolve in an “RNA world”? [3]. The discovery of ribozymes, 
catalytic RNAs [4] provided evidence that the early ribosomes could have been 
composed solely of RNA [5]. According to the “RNA world” model, life on Earth 
evolved on the basis of RNA replication, which was followed by protein synthesis [5]. 
Before the emergence of proteins, RNA would have had to carry out both coding and 
catalysis [6,7]. Proposed theories suggest the ribosome emerged as a simple primitive 
ribozyme that catalyzed non-coded peptide synthesis [8,9] and then enhanced in rapidity 
and accuracy with time and increasing complexity [10].  
 
The ribosome is an intricately complex structure. Such complexity raises 
questions about the emergence of life in a pre-biotic world. If translation involved RNA 
as the sole catalyst, molecules of modest structural complexity would have populated the 
ancient world [11]. Therefore, the ribosome and its associated tRNAs and mRNAs could 
have evolved in a step-wise fashion from small, preexisting RNAs, which had other 
ancient functions [3]. 
 
Alternative evolutionary theories suggest a peptide-dominated ancient world 
[12,13]. Recent supporting evidence for a peptide-dominated ancient world includes  
ancient lineage of some proteins and a lack of RNA interactions for most proteins 
[14,15]. In translation, RNA and protein are fully interdependent in a process of 
molecular complexity. Origins and evolution of RNA/protein interdependence in the 
ribosome followed a sequence of incremental and elementary steps, each linked to 
immediate fitness, without foresight. 
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Ribosome as a molecular fossil  
 
The ribosome is responsible for protein synthesis in all living organisms and is 
our most direct macromolecular connection to distant evolutionary past and early life [16-
18]. Our current understanding about origin of life suggests that biological materials are 
derived from a bottom-up process, with gradual chemical evolution leading to the 
emergence of molecular networks of increasingly greater complexity [19].   
 
Several complex organic molecules failed to achieve self-replication, thereby 
being led to extinction (Figure 1.2). Among macromolecules, amino acid and nucleic acid 
polymers determined the critical threshold for the emergence of life. An RNA world 
model proposed self-replicating RNA subsequently combining with proteins in an RNA-
protein (RNP) world. Transition from the RNP world to DNA based life was relatively 
recent; the last universal common ancestor (LUCA) is posited to have had a DNA 
genome, using RNA and proteins for biocatalysis [20]. 
 
 
Figure 1.2. An RNA world model for the successive appearance of RNA, proteins, and 
DNA during the evolution of life on Earth. Figure reproduced from [20]. 
 
RNA and protein cooperate in the modern ribosome [21]. A modern RNA, such 
as rRNA, is a potential relic or a fossil of an ancient RNA if it fulfills one or more of the 
following criteria: (i) is catalytic, (ii) is ubiquitous, (iii) has a central role in metabolism, 
(iv) carries out a role served by a protein in other organisms [7].   
Identifying such “fossilized” rRNA in eukaryotes allows reconstruction of the 
ancient ribosome that facilitated translation in the LUCA [22]. LUCA possessed 
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universal genes involved in translation, transcription, RNA processing and degradation, 
intermediary and RNA metabolism, and compartmentalization [23-25]. 
 
The availability of high-resolution three dimensional structures of ribosomes from 
distant regions of the evolutionary tree has allowed sequence and conformational 
comparisons between rRNAs from different domains of life. Much of the diversity of 
conformation and sequence between bacterial and archaeal ribosomes predates the 
LUCA. Recent studies on the 3D structures of ribosome suggest that a near-modern 
ribosome was well established before the LUCA, beyond the root of the phylogenic tree 
[26]. 
 
Comparison of rRNA sequences from different domains showed phylogenetic 
conservation in the peptidyl transferase center (PTC) where catalysis occurs. The PTC 
lacks protein; catalytic activity of the ribosome is mediated by the rRNA. The highly 
conserved PTC and the dense RNA active site at the core of the ribosome argue strongly 
in favor of the ribosome being a molecular fossil [27]. 
 
A structure-based and sequence-based comparison of the large subunits (LSUs) of 
Haloarcula marismortui  and Thermus thermophilus  shows that sequence and 
conformational similarity of the 23S rRNAs are greatest near the PTC core, then diverge 
with increasing distance from the PTC (Figure 1.3) [18]. The results suggest that the 
conformation and interactions of both RNA and protein can be described as changing, in 
an observable manner, over evolutionary time, thus making the ribosome an ancient 




Figure 1.3. Peeling the ribosomal onion. The Haloarcula marismortuii (and Thermus 
thermophilus, not shown) LSUs have been sectioned into concentric shells, with the 




All parts of the ribosome are not of the same age 
The complex macromolecular structure of the ribosome suggests that sequential 
addition of structural components over time led to the emergence of the modern 
ribosome. rRNA molecules associate with rProteins to form ribosomal subunits and such 
an assembly has been verified by numerous reconstitution experiments [28-34].  
 
During reconstitution experiments, a specific order was observed in which the 
different ribosomal components interact with each other. The assembly order of 
ribosomal components may recapitulate ribosomal evolution because components 
required during initial assembly are more likely to have evolved first. The in vitro 
assembly map illustrates known dependencies of ribosomal components on one another 
(Figure 1.4) [35]. On the basis of the 30S and 50S assembly maps, ribosome assembly is 
believed to be cooperative, where binding of ribosomal proteins induces structural 
changes in the rRNA. Some ribosomal proteins bind directly to the RNA whereas others 
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are only incorporated later after other proteins have been added. In vivo assembly of the 




Figure 1.4. Location of universal proteins in the 50S assembly map. The 23S rRNA is 
represented as three fragments of 13S, 8S and 12S. The proteins that have equivalents in 
all three Domains of life are shown in this map exclusively as compared to the original 
assembly map[35]. [Adapted from [36]] 
 
Not all the proteins that are required for the assembly of the modern ribosome are 
of the same age. Though many rProteins are universally conserved and can be traced 
back to the LUCA, some of the proteins are exclusive to only one domain of life and 
therefore believed to be of relatively modern origin. To determine the hierarchy of 
protein binding to rRNA, Nomura and co-workers (for the SSU) [37] and Nierhaus and 
co-workers (for the LSU) [35] varied the order in which rProteins were added during in 
vitro assembly. The thermodynamical interdependence of protein-binding was related to 
the chronological ordering of the proteins. A protein is considered terminal if no other 
protein depends on its presence for assembly. Based on the assembly map and the order 
observed during reconstitution of the ribosome, earliest proteins in ribosomal 
reconstitution were found to be earlier and more important additions to the ribosomal 
assembly [36].  
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Structure of the modern ribosome provides evidence for RNA replication 
predating protein synthesis. It is likely that rRNA evolved from small, self-replicating 
RNAs to large complex rRNA in the modern ribosome by conflation of originally 
independent functional fragments [38]. Subsequent studies support that different parts of 
the rRNA are of different ages and propose a stepwise addition of structural elements 
[17,18,39-41] and varied evolutionary rates of such structural elements [42].  
 
Based on molecular interactions [17,41], distance from the PTC [18] and rRNA 
sequence conservation in the three domains of life [43], different models proposed for the 
evolution of 23S rRNA (Figure 1.5) postulate chronology of molecular events in early 
life. The models postulate that the oldest parts of rRNA would be integral to the evolving 
translational machinery and would exhibit high interconnectivity [44] and sequence 
conservation in all domains of life [43] 
 
 
Figure 1.5. Various models of evolution of 23S rRNA. The dashed line illustrates the 
canonical secondary structure of the T. thermophilus 23S rRNA. Secondary structural 
domains are indicated by roman numerals. The red and green lines show the two inner 
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shells of the ribosomal onion of Hsiao and Williams, marking the rRNA that is in closest 
proximity, in three dimensions, to the site of peptidyl transfer. The gray boxes are ancient 
according to Steinberg’s A-minor model. The hashed boxes (with black horizontal lines) 
are ancient according to the networking analysis of Fox. Multidentate Mg
2+
-phosphate 
interactions, also proposed as an indicator of ancient rRNA, are indicated by magenta 
circles. The orange line shows the universally conserved portions of the 23S rRNA in 




Among the ribosomal components that are highly conserved throughout extant 
life [40], PTC is considered to be one of the oldest structures in biology, predating coded 
protein [10,39,46-48]. The striking similarity of PTC in all living organisms has led to the 
inference that the PTC must have been formed prior to the division of tree of life into 
three major domains [49,50]. Since the PTC is contained in Domain V of 23S rRNA, 
Domain V is expected to be one of the oldest parts of the ribosome [51] and shows 
extensive interconnectivity with other secondary domains of 23S rRNA. Comparative 
structural methods and analysis of conserved sequences of rRNA have led to different 
models of ancient ribosomal evolution, all of which agree on LSU being the oldest in 
evolution near the PTC and younger near the surface [18,26]. 
 
Domain II and Domain IV show high interconnectivity with each other and with 
Domain V. Consequently, they are believed to be amongst the early components of the 
rRNA. Though Domain II and Domain IV have comparable interconnectivity with other 
secondary domains of 23S rRNA, majority of the molecular interactions between 16S 
rRNA and 23S rRNA are through Domain IV. The lack of proximity of Domain II with 
tRNAs and minimal association with the 30S subunit suggests that Domain II might be a 
relatively recent to Domain IV [44]. 
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CHAPTER 2 
ARCHITECTURE AND FUNCTIONS OF RIBOSOME 
 
The ribosome is responsible for protein synthesis in all organisms. The structure 
of the ribosome does vary significantly with the size of prokaryotic and eukaryotic 
ranging from molecular weights of 2.5 to 4 MDa (for prokaryotes and eukaryotes, 
respectively) [52]. Ribosomes typically contain 50 to 60 percent RNA as an integral part 
of their structures. The large subunit (LSU) contains the 5S rRNA and the 23S rRNA 
which houses the peptidyl transfer center that catalyzes peptide bond formation. The 
small subunit (SSU) contains the 16S rRNA which mediates recognition between mRNA 
codons and tRNA anticodons [53]. The 16S rRNA of the SSU is associated with 20 or 
more rProteins depending on the species [54]; the LSU is associated with 50 or more 




Figure 2.1. The E. coli 70S ribosome. 16S rRNA is depicted in blue and the 23S rRNA in 
red. The rProteins associated with SSU and LSU are shown in orange and green 
respectively [55].  
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The SSU and LSU associate by intersubunit bridges during translation to form the 
active ribosome. In order to translate the genetic information stored in the mRNA, the 
ribosome selects cognate tRNA that can base pair with a specific mRNA codon. This 
process is called “decoding” [56]. A V-shaped cavity in the middle of the large subunit 
that harbors the PTC, also houses the highly conserved A- and P-loops. The A- and P- 
loops accommodate the 3’-termini (CCA) of the A (aminoacyl) and the P (peptidyl) 
tRNAs. During protein biosynthesis the A-site tRNA attached to the nascent polypeptide 
chain, passes into the P-site. Once a peptide bond is formed, the deacylated P-site tRNA 
acts as the “leaving group” and moves from the P-site to the E (exit)-site [57]. 
 
 
Factors stabilizing ribosomal architecture 
 
The ribosome is composed of simpler structural motifs that are held together by 
stabilizing interactions that lead to the intricate architecture of the ribosome. Structure, 
like sequence, reveals information about macromolecular origins and evolution. During 
RNA evolution, the structure is much more conserved than the sequence [58]. A variety 
of nucleotide sequence of rRNA can give rise to homologous secondary and three 
dimensional structures which have the same molecular function [49]. In the analysis of 
ribosomal architecture, identification of small structural motifs and the factors that 
contribute to their organization into larger subassemblies is of fundamental interest.  
 
There are three major factors that aid the assembly of structural motifs in the 
ribosome: (i) metal ions that mediate short and long-range tertiary interactions (ii) RNA-
RNA interaction such as base-pairing of complementary nucleotides and base-phosphate 
interaction (iii) RNA-protein interaction 
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Metal ions in the ribosome 
RNAs associate with metal ions [59]. When large RNAs fold into compact 
structures, negatively charged phosphate groups are brought into close proximity. Cations 
help neutralize the negative charge density associated with the RNA phosphate 
backbone. Such charge neutralization occurs with cationic polyamines as well as 
inorganic cations [60]. Divalent cations also aid in RNA self-cleavage in ribozymes 
[61,62]. Mg
2+
 is particularly suitable divalent cation to  facilitate rRNA compaction and 
catalysis because: (a) it is the most abundant intracellular multivalent cation and (b) it has 
the highest charge density of all biologically available ions, owing to its relatively small 
ionic radius (0.6 Å) [63]. Mg
2+
 associates preferentially with oxyanions of RNA 
phosphates over base and ribose atoms, pre-dominantly forming mono and bi-dentate 
complexes. 
 
Seventy-one magnesium ions associate with the P4–P6 domain of the 
Tetrahymena group 1 intron (PDB 1HR2) [64,65] of which twenty-six contain phosphate 
oxyanions within their first coordination shell. When two oxyanions enter the first 
coordination shell of Mg
2+
, the bidentate chelation of magnesium by RNA phosphates 
leads to a structure called a bidentate clamp (Figure 2.2A) [66]. A 10-membered ring 
characterizes these bidentate RNA clamps. Such Mg
2+
 mediated bidentate RNA clamps 
occur frequently in large RNAs. In the 23S rRNA of H. marismortui (PDB entry 1JJ2), 
98 out of 118 magnesium ions associate with , phosphate oxyanions within their first 
coordination shells (characterized by Mg
2+
–OP distances < 2.4 A˚), frequently forming 
Mg
2+
 bidentate clamps [63,67] (Figure 2.2B).  
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Figure 2.2.  Mg
2+
 stabilized interactions in the ribosome. A) Schematic diagram of a 
bidentate RNA clamp of magnesium, formed when adjacent phosphate groups enter the 
first coordination shell of a common magnesium ion B) A bidentate RNA clamp of 
magnesium observed in the H. marismortui ribosomal LSU crystal structure (Mg 8003 





Key events in translation involve RNA-RNA interaction be it start-site selection 
by the mRNA, decoding or peptide bond formation in the PTC [68-70]. In order to 
perform such crucial activities [67,71,72], rRNA need to fold into compact architectures.  
 
RNA molecules need to overcome electrostatic self-repulsion to enable such 
compact folding. The negative charge of each nucleotide is concentrated on the anionic 
oxygen atoms of phosphate groups enabling them to form very strong hydrogen bonds 
(H-bonds) with appropriate donors. Each of the RNA bases (A, C, G and U) comprises 
multiple H-bond donors that can interact with phosphate groups.  Such stabilizing 
interactions between nucleotide bases and the phosphate backbone moieties are referred 
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to as ‘base-phosphate’ interactions. They help reduce intra-molecular RNA self-repulsion 
and stabilize compactly folded structural motifs [73].  
 
The extent and type of hydrogen bonding and base-stacking interactions can 
determine the architecture of RNA motifs. Both Watson-Crick base-pairing as well as 
GU Wobble base pair can form helical stems of RNA. Helical segments are interspersed 
and capped by regions called loops [74]. Single stranded regions of RNA can fold back 
on itself via regions of complementary base pairs forming a hairpin (Figure 2.3A). 
Single-stranded regions can also form pseudoknots when base pairs intertwine (Figure 




Figure 2.3. RNA structural motifs. A) RNA hairpin, a secondary structural motif  B) 
Loop regions can form long-range interactions as in pseudoknots [Adapted from [75,76]] 
  
 
Structural motifs of rRNA are arranged in three-dimensional (3D) space by 
tertiary interactions between the nucleotides of hairpin, internal and junction ‘loops’ of 
the secondary structure. By establishing local and specific contacts, the tertiary 
interactions build up 3D structural modules that are characterized by sets of non-Watson-






While rRNAs perform the crucial activities [67,71,72], rProteins charge tRNAs 
[78], stabilize inter- and intra-subunit ribosomal interactions and assist in ribosomal 
assembly [35,63]. rProteins counterbalance part of the electrostatic repulsion among 
RNA nucleotides arising due to the proximity of negative charges .  
 
rProteins interact specifically with rRNA in at least four ways: (i) interactions 
between the proteins and the edges of bases exposed in the minor grooves of RNA 
helices, (ii) interactions of proteins with bases that become accessible in widened major 
grooves of RNA helices (Figure 2.4A), (iii) protein recognition of the flipped out bases of 
bulged nucleotides, and (iv) insertion of amino acid residues into hydrophobic crevices 
between exposed nucleotide bases [63]. Additionally, rProteins also interact with the 
backbone of RNA. For nucleobase-specific interactions, Guanine nucleobase and 
unpaired RNA structural states are significantly preferred; however nonspecific 
interactions disfavor guanine, while still favoring unpaired RNA structural states [79]. 
 
A recent comparative analysis with the overall RNA surface and RNA-protein 
interfaces shows that contact surfaces involving RNA motifs have distinctive features 
that may be useful for the recognition and prediction of interactions [80]. rProteins prefer 
interaction with structural RNA motifs to that of the complete ribosomal surface.  Among 
RNA motifs, tetraloops show the highest percentage of interaction with rProteins (Figure 




Figure 2.4. Representative RNA-protein complexes. A) RNA-protein complex between 
Domain IV of 4.5S rRNA and SRP protein [Adapted from [79]]. (B) Tetraloop (TL1469) 
interaction with rProtein L15 in 50S subunit of T. thermophilus ribosome shows high 
shape complementarity.  [Adapted from [80]] 
 
 
Architecture of ribosomal RNA 
The atomic structures of LSU from H. morismortui [67] and T. thermophilus [81] 
revealed six 2° domains in the 23S rRNA (Figure 2.5). In the SSU four 2° domains were 
found in the 16S rRNA of which, three are considered major domains while one is a 
minor domain[82]. Each 2° domain of the 16S rRNA folds and assembles with the 
appropriate ribosomal proteins into a 3D domain, independent of other 2° domains[83-
85]. One 3D domain is called the head and others are called the body and the platform 
[86,87]. The head, body, and platform domains of the SSU have direct functional 
significance, moving independently during translation[88].  
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Isolated fragments of 16S rRNA, corresponding closely to the three major 
domains, interact with ribosomal proteins in specific sites[33,89-92]. The ability of 
certain rProteins to remain bound to these fragments, or even to rebind to RNA fragments 
from which proteins have been removed, supports the suggestion that these domains are 




Figure 2.5. Secondary structure of the 23S rRNA of the large subunit of T. thermophilus 
(adapted with permission from Harry Noller). The six secondary structural domains of 
23S rRNA are shown: Domain I in gray, Domain II in brown, Domain III in pink, 
Domain IV in yellow, Domain V in purple, and Domain VI in orange[94]. 
 
 
The 2° domains of 16S rRNA can be segregated into independent and 
autonomous three-dimensional domains (3D domains) in the assembled SSU. For the 23S 
rRNA, the general observation has been that it has a very compact structure [49,93,95].  
Secondary structure of the LSU is further constrained tertiary interactions [49,96]. The 
compact structure of the 23S rRNA was confirmed by cryo-EM [53] and X-ray 
crystallography [67,97] data. The lack of distinct demarcations led to the monolithic 
appearance of its LSU suggesting the absence of an inherent domain substructure [67].  
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The colossal structure of the 23S rRNA makes it challenging to comprehend 
looking at it as a whole. Questions naturally arise as to whether the architectures and 
early evolution of the SSU and the LSU are fundamentally different, and if so, why? Do 
isolated 2° domains of the 16S rRNA but not the 23S rRNA act as 3D domains and fold 
to near-native 3D structures? How are the 2° domains of the 16S and 23S rRNAs related 
to 3D structure, function, and evolution of the ribosome?  The answer is simple: “To 





DECONSTRUCTION OF THE RIBOSOME 
 
Domain III is an autonomously folding domain of 23S rRNA 
 
A recent development in unraveling the architecture of 23S rRNA was made by 
Athavale et al[94]. In an attempt to experimentally probe the domain structure of the 
LSU, it was shown that one isolated 2° domain of the 23S rRNA, Domain III, can fold to 
a near-native state in absence of the remainder of the LSU, and appears to be a true 3D 
domain.  
 
The structure of Domain III rRNA alone (Domain III
alone
) and when contained 
within the intact 23S rRNA (Domain III
23S
) was probed using SHAPE (selective 2’-
hydroxyl acylation analyzed by primer extension), in the absence and presence of 
magnesium. SHAPE exploits the reactivity of the 2’-hydroxyl groups of RNA with 
electrophilic chemical probing reagents such as NMIA (N-methylisatoic anhydride) or 
BzCN (benzoyl cyanide)[98,99]. The relative reactivities of the 2’-hydroxyl groups of 
various nucleotides are sensitive primarily to local RNA flexibility. Consequently, paired 
nucleotides within helical regions are generally less flexible and less reactive toward 
SHAPE reagents than unpaired nucleotides. The canonical secondary structure of the 23S 
rRNA based on comparative sequence analysis [97,100], is strongly supported by 
previous SHAPE experiments [101].  Results  of SHAPE analysis of Domain III
alone
  and 
Domain III
23S
  in absence and presence of magnesium ions support the hypothesis that 
Domain III
alone
 folds to a near-native state with secondary structure, intra-domain tertiary 
interactions, and inter-domain interactions that are independent of whether or not it is 
embedded in the intact 23S rRNA or within the LSU. 
 
The close correspondence of the SHAPE data of Domain III
alone
 to the canonical 
secondary structure of Domain III is evident in Figure 3.1, where SHAPE reactivity of 
Domain III
alone
 is mapped onto the canonical secondary structure. These data were 
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obtained in presence of 250 mM Na
+
 ions and in the absence of divalent cations. Under 
these conditions, RNA is expected to assume secondary structure but not necessarily 
tertiary structure[102,103].  Consistent with this tendency, the correspondence between 
SHAPE reactivities and the secondary structure is very nearly perfect. Nucleotides of 
Domain III
alone
 were ranked using their absolute SHAPE reactivities relative to A1572 
(highest reactivity) and binned into four groups, which are indicated in Figure 3.1 [94]. 
 
Figure 3.1. SHAPE reactivities for Domain III
alone
 in 250 mM Na
+




Folding of Domain III
alone
 to a near-native state requires 
magnesium ions 
 
Folding of RNAs from secondary structure to their native states, containing long-
range tertiary interactions, is known to be generally magnesium-dependent [102,103]. 
The bacterial and archaeal LSUs are rich in Mg
2+
 ions [104,105] and are stabilized by an 
RNA-Mg
2+
 motif called the Mg
2+
-microcluster (Mg-µc) [66,106], defined by: (i) two 
proximal Mg
2+
 ions chelated by a common bridging phosphate group in the form Mg(a) – 
O1P – P – O2P – Mg(b); (ii) a 10-membered chelation ring that includes the bridging 
phosphate in the form Mg(a) – OP – P – O5 – C5 – C4 – C3 – O3 – P – OP – Mg(a); 
(iii) octahedral coordination of both Mg
2+
 ions by a combination of water molecules and 
RNA phosphate groups; and (iv) nucleotides in non-canonical RNA conformations and 
unstacked bases. 
 
The native state of Domain III rRNA, as inferred from the 3D structure of the 
assembled LSU, is stabilized by extensive networks of intradomain tertiary base–base, 
base–backbone, and backbone-magnesium–backbone interactions (Figure 3.2 A [94]).  
On the addition of Mg
2+
, the SHAPE reactivities increase at some sites and decrease at 




Figure 3.2. (A) Tertiary interactions (dark blue) and phosphate–magnesium–phosphate 
linkages within Domain III. (B) Magnesium-dependent SHAPE reactivities for Domain 
III
alone





It was found that in absence of Mg
2+





 are essentially identical along the length of the Domain III sequence as 
illustrated by the overlaid traces (Figure 3.3A)[94]. The high degree of similarity 
suggests that the secondary structure of Domain III
alone





-induced collapse to form a near-native state, the changes in 
SHAPE reactivity of Domain III upon addition of Mg
2+
 are widely dispersed over 
Domain III rRNA (Figure 3.3B)[94]. This magnesium dependence of the SHAPE 
reactivity reflects (i) specific magnesium binding, (ii) more diffuse interactions of 
magnesium with the RNA, and (iii) tertiary rRNA–rRNA intra-domain interactions. Such 
magnesium-dependent SHAPE reactivity has previously been demonstrated for tRNA 
and RNase P[99,107].   
 22 
 
Figure 3.3. SHAPE reactivity for Domain III
alone
 (blue) and Domain III
23S
 (red). (A) 
Domain III
alone
 and Domain III
23S
 in 250 mM Na
+
. (B) Domain III
alone
 and Domain III
23S
 
in 250 mM Na
+
 and 10 mM Mg
2+
. Hydrogen bonds are shown by dashed lines, stacking 








The pattern of rRNA tertiary interactions within Domain III of the LSU crystal 
structure (T. thermophilus, PDB entry 2J01 [72]) suggests that Domain III contains an 
independent subdomain, Domain III
core
, composed of nucleotides 1271-1406 and 1596-
1646. The independent integrity of Domain III
core
 is supported by a large number of intra-
subdomain tertiary interactions. Intra-subdomain interactions are both RNA-RNA and 
RNA-Mg
2+
-RNA interactions that include base pairing, base stacking, phosphate-base, 
phosphate-sugar, as well as phosphate-Mg
2+
-phosphate interactions. Few interactions 
were observed between Domain III
core
 and Domain III
H54-59




Figure 4.1.  Tertiary interactions and phosphate–Mg
2+
–phosphate linkages within 
Domain III. Each first shell Mg
2+
–phosphate interaction is indicated by a yellow circle. 
The yellow lines between the circles are the phosphate–Mg
2+
–phosphate linkages.The 




A single Mg-µc is observed in Domain III, which is contained entirely within 
Domain III
core
. The two Mg
2+
 ions of this Mg-µc form a tight interaction network with 
RNA nucleotides of Domain III
core
, and do not interact with RNA outside of Domain 
III
core
. This Mg-µc involves nucleotides A1395, A1603 and C1604, bridging helices 51 
and 53 of Domain III
core
 (Figure 4.1).  
 
rRNA-rProtein interactions 
Based on the proximity of atoms within the assembled LSU, rProteins L2, L17, 
L23, and L34 interact with Domain III rRNA. Contacts were defined as a Domain III 
atom – rProtein atom pair for which the distance between the atoms was less than the sum 
of their Van der Waals radii.  L2, L17, and L34 are bound in rRNA pockets formed 
partially by Domain III, bridging Domain III and at least two other 2º domains. By 
contrast, L23 only interacts with Domain I and Domain III (Table 4.1). L23- Domain III 












I II IV V VI 
III 
core appendage 
L2 - + + + - + + 
L17 - - + - + + + 
L23 + - - - - + - 
L34 + + - - - + - 
a
 rProtein interacting (+) or not interacting (-) with a 2° rRNA domain in the assembled ribosome.  
b





 interactions with L23 
The amino acids of L23 that interact with Domain III
core
 are highly conserved 
over phylogeny. Sequence alignments of  L23 on a subset of 121 organisms representing 
the three domains of life [109] reveal five cationic amino acids K16, K40, K62, K77, and 
K78 that are highly conserved (present in >90% of the sequences sampled). All 
conserved amino acids of L23 interact exclusively with Domain III
core
, suggesting an 
evolutionary relationship. 
   




) and highly conserved
a
 cationic 




















K16 U1340 phosphate coulombic NZ-O1P 2.7 
K16 A1393 base cation-pi NZ-N7 5.7 
K16 U1394 base H-bond NZ-O2 3.0 
K40 A1596 phosphate coulombic NZ-O1P 5.0 
K40 A1597 phosphate coulombic NZ-O2P 3.9 
 Extension 
K62 U1312 phosphate coulombic NZ-O2P 3.3 
K77 U1340 phosphate coulombic NZ-O1P 3.7 
K77 U1341 base cation-pi NZ-N1 3.3 
K78 U1341 base H-bond NZ-O2 2.8 
a
Highly conserved amino acids are those present in >90% of sequences sampled. 
b
Coulombic, interaction between a positively charged NH3
+
 group of a lysine or arginine 
side chain interact and a negatively charged phosphate groups of the RNA backbone. 
c
 Hydrogen bonds (H-bonds), interaction between the hydrogen atom of X–H, where X is 
electronegative, and a basic atom, Y [110]. 
 
 
With geometric analysis, we have parsed the types of molecular interactions 
(coulombic, cation-pi, and hydrogen bond) that link Domain III
core
 and L23. L23 
primarily interacts coulombically with Domain III
core
: the positively charged NH3
+
 group 
of a lysine or arginine side chain interacts with a negatively charged phosphate group of 
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 interactions (defined here by a cutoff distance of 
5.5 Å) are observed for conserved amino acids K16, K40, K62, and K77 of L23.  
 
Hydrogen bonds (H-bonds) are an attractive interaction between the hydrogen 
atom of X–H, where X is electronegative, and a basic atom, Y [110]. H-bonds are defined 
by a cutoff distance of 3.4 Å between atoms X and Y (Table II). L23 interacts with 
Domain III
core
 bases via H-bonding of K16 to U1340 and K78 to U1341. Two cation-pi 
interactions are observed between cationic amino acids of L23 and the aromatic systems 
of bases in Domain III
core
: K16 with A1393 and K77 with U1341.  
 
Cation-pi interactions [111] occur between the plane of an electron-rich pi system 
(e.g., nucleotide base) and an adjacent cation (e.g., NH3
+
) [112,113]. The cation-pi 
interactions are defined by a cutoff distance of 6 Å and a cutoff angle θ of 60
o
 between 
the normal to the plane of the pi-system and the vector connecting the center of the pi-
system of a nucleobase to the NH3
+ 
of an amino acid R-group. 
 
 
Aims of the thesis 
 
Here we test the hypothesis that Domain III rRNA is comprised of at least one 
subdomain, which we call Domain III
core
 (Figure 4.2). A subdomain is an autonomously-
folding element that is substantially smaller than the full 2° domain [114]. Our 
subdomain hypothesis was conceived from analysis of molecular interactions within 
Domain III of the Thermus thermophilus crystal structure (PDB 2J01) [72].  
We demonstrate experimentally that Domain III can be reduced to Domain III
core
, 
which folds and assembles independently of the rest of the 23S rRNA. We constructed a 
recombinant Domain III
core
 and observe that Domain III
core
 has in vitro and in vivo 
function similar to intact Domain III. SHAPE reactivity [115,116] indicates that Domain 
III
core
 folds in a Mg
2+
-dependent fashion to the same collapsed state as when it is 
embedded within Domain III or within the intact 23S rRNA.  
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Domain III forms part of the exit tunnel in the assembled ribosome.  The exit 
tunnel also includes four evolutionarily conserved ribosomal proteins (L22, L23, L24 and 
L29) as well as other kingdom-specific proteins.  Ribosomal protein L23 is unique 
because it functions as a docking site for both trigger factor (TF) and signal recognition 
particle (SRP)[117].  Folded Domain III
core
 appears to contain native-like binding sites 
for ribosomal proteins and even for a peptide derived from a ribosomal protein. In the 
LSU, L23 has a globular domain on the LSU surface and an extension (L23
peptide
) that 










Figure 4.2: A) Domain III in three orientations where DIII
core
 is shown in magenta and 
DIII
H54-59
 is shown in grey. B) DIII interacts with L23 (green), which is associated with 
DIII
core
 but not DIII
H54-59







We analyzed in vivo RNA-protein interactions of L23 with DIII and DIII
core
 using 
the yeast three-hybrid method.  Using the continuous variation to analyze in vitro RNA-
protein interactions, we determined that L23
peptide
 forms a stable 1:1 binary complex with 
both DIII and DIII
core
, consistent with interactions observed in the crystal structure of the 




The secondary structure of Domain III
core




 is composed of two fragments of rRNA. We joined the two 
fragments together with a stem-loop. This addition should not perturb the structure since 
the termini of the two Domain III-core fragments are opposed in a double-stranded A-
form helical arm that can directly dock onto the stem-loop (Figure 5.1C). The stem-loop 
used here (5’-gccGUAAggc-3') is a GNRA stem-loop [119] on a three base pair helical 
stem (lower case letters). 
 
We used SHAPE [115,116] to probe the structure of DIII
core
. The SHAPE 
reactivity of DIII
core
 was initially determined in the absence of Mg
2+
 (Figure 5.1A). Under 
these conditions, the RNA is expected to form secondary structure but not a collapsed 
state with long-range tertiary interactions [102,120].  Nucleotides of DIII
core
 were ranked 
using their absolute SHAPE reactivities relative to A1365 (which had highest SHAPE 
reactivity). The nucleotides were then binned into four groups, as indicated in Figure 
5.1C.  
 
SHAPE reactivity data obtained here for DIII
core
 corresponds very closely with its 
canonical secondary structure within the 23S rRNA. More importantly, as illustrated by 
SHAPE, the reactivities of DIII and DIII
core
 are essentially identical along the length of 
the DIII
core
 sequence, except for the stem-loop connecting the two fragments of DIII
core
. 
The high degree of similarity in SHAPE reactivities suggests that the secondary structure 
of DIII
core









-compacted structure of Domain III
core
 is independently 
stable 
 
The folding of large RNAs, from secondary structure to collapsed native states 
with long-range tertiary interactions, is Mg
2+
-dependent [102,120]. The native state of 
DIII rRNA, as inferred from the 3D structure of the assembled LSU, is stabilized by 
extensive networks of intra-domain tertiary base-base, base-backbone and backbone-
Mg
2+
-backbone interactions (including an Mg-µc). Consistent with Mg
2+
-induced 
collapse to form a near-native state, the changes in SHAPE reactivity of DIII upon 
addition of Mg
2+
 are widely dispersed over DIII rRNA (Figure 5.1B).  
 
SHAPE reactivities increase at some sites and decrease at others. This pattern of 
Mg
2+
-dependent SHAPE reactivity reflects (i) specific Mg
2+
 binding to RNA, (ii) diffuse 
interactions of Mg
2+
 with the RNA, and/or (iii) formation of rRNA-rRNA tertiary 
interactions. Mg
2+
-dependent SHAPE reactivity has been demonstrated previously for 
tRNA [116], RNase P [121], and DIII of the LSU [122]. The effect of Mg
2+
 on the 
SHAPE reactivities of DIII
core
 and DIII is very similar (Figure 5.1B). The Mg2+-
dependence of DIII
core
 folding is therefore retained when DIII
core
 is excised from DIII or 
from the 23S rRNA. 
 
 
Figure 5.1. Effect of Mg
2+
 on the SHAPE reactivity of DIII
core
 (blue) and DIII (orange). 
The vertical axis represents SHAPE reactivities and the horizontal axis represents 
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nucleotide position. A) DIII and DIII
core
 reactivity in 250 mM Na
+
. B) DIII and DIII
core
 
reactivity in 250 mM Na
+ 
and 10 mM Mg
2+ 
[Courtesy: Dr. Shreyas Athavale]. 
 
 
Some of the most intense Mg
2+





 interactions with the rRNA. The SHAPE reactivity of 20 nucleotides 
changes by 50% or more upon the addition of Mg
2+
. Nineteen of these nucleotides 
interact directly with Mg
2+
 or are in the close proximity to Mg
2+
 in the 3D structure. For 
example, among nucleotides A1395, A1603 and C1604, which form a Mg
2+
-c motif, 
A1395 and A1603 report changes in SHAPE reactivity of  >80% upon addition of 
magnesium. Other nucleotides directly involved in Mg
2+ 
interactions in the crystal 
structure that give large changes in SHAPE reactivity upon addition of Mg
2+
 are U1313, 
A1342, A1614 and C1615. Nucleotides G1283, A1284, U1300, U1341, G1343, A1392, 
A1393, U1396, C1607, A1609, C1617 and A1618 give large Mg
2+
-induced changes in 
SHAPE reactivity, and are in close proximity to Mg
2+
 ions.  
 
Domain III and Domain III
core
 interact with L23 and L34 in vivo 
Based on their association with DIII in the fully assembled ribosome, we 
predicted DIII and DIII
core 
would interact in vivo with rProteins L2, L17, L23 and L34 
(Table 5.1). We used the yeast three-hybrid method (Y3H) [123-125] to assay the in vivo 
rRNA-rProtein interactions (Figure 5.2). An RNA-protein interaction in Y3H assay 
results in resistance to 3-amino-1,2,4-triazole (3-AT) due to increased expression of 
reporter gene HIS3 [125].  
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 with 2° Domains of 23S rRNA. 
Interaction of RNA with protein in yeast results in resistance to 3-AT due to increased 









 Resistant up to 
[3-AT] mM 
L2 + + - - - 
L17 + + - - - 
L23 + + + + 0.3 
L34 + + + + <0.1 
a





Figure 5.2. Schematic diagram of the yeast-three-hybrid assay for detecting and 
analyzing RNA-protein interactions. In yeast strain YBZ-1, the HIS3 reporter gene is 
under the control of the LexA operator. Hybrid 1, a LexA/MS2 coat protein fusion, binds 
to the LexA operator. The MS2 coat protein domain binds tightly to the MS2 sequence of 
the hybrid RNA, which contains the MS2 RNA and RNA sequence of interest, e.g., DIII 
or DIII
core
. In Hybrid 3, the protein of interest (e.g., rProtein L23) is fused to the yeast 
GAL4 transcriptional activation domain (GAD). In vivo RNA-protein binding completes 
Hybrid 2, resulting in expression of the HIS3 reporter gene. The strength of RNA-protein 
binding is determined by resistance to 3-Amino-1,2,4-triazole (3-AT), a competitive 
inhibitor of the HIS3 product, imidazoleglycerol-phosphate dehydratase [125]. 
 
 
In the Y3H assay, RNA-protein in vivo interaction was detected only for p50/p53 




/L34.  (Figure 5.3A). HIS3 
reporter gene expression was qualitatively assayed by spreading cell suspensions on 
plates lacking histidine, adenine (marker for RNA expression vector) and leucine (marker 





Figure 5.3. GAL4AD-L23 fusion protein expressed and functional in yeast. (A) Growth 
of yeast cells expressing MS2-DIII and GAD-L23 (D3 + L23);  MS2 and GAD-L23 
(L23) on plates lacking adenine and leucine (CM-AL). (B) HIS3 reporter gene expression 
was assayed by spreading cell suspensions on plates lacking histidine, adenine and 
leucine and containing histidine biosynthesis inhibitor 3-AT (CM-ALH + 0.2 mM 3-AT). 
 
To quantitatively determine the expression of the HIS3 reporter gene, the Y3H 
was assayed at increasing concentrations of 3-AT. In vivo interaction of L23 with both 
DIII and DIII
core
 resulted in similar expression of reporter gene HIS3, as determined by a 
3-AT resistance of approximately 0.4 mM (Figure 5.4A). In vivo interaction of L34 with 
both DIII and DIII
core
 resulted in similar expression of reporter gene HIS3, as determined 
by a 3-AT resistance of <0.1 mM (Figure 5.4B). Although expression for DIII and 
DIII
core
 interactions with L23 and L34 is less than that observed for a positive control 
(p50 RNA/p53 protein), HIS3 expression is above background (assay without DIII or 
DIII
core









Figure 5.4. Yeast three-hybrid assay results for 3-AT resistance of yeast strain YBZ-1 
expressing Domain III-MS2 or DIII
core
 -MS2 and GAD-rProteins (A) rProtein L23 and 
(B) L34 as well as positive control p50/p53. Cell growth (measured at O.D. 630 nm after 
48 hr) is plotted against increasing 3-AT concentration. Negative controls are MS2 RNA 
alone (lacking DIII or DIII
core





No in vivo interactions were observed for rProteins L2 and L17 with either DIII or 
DIII
core




Figure5.5. Yeast three-hybrid assay results for 3-AT resistance of yeast strain YBZ-1 
expressing Domain III-MS2 or DIII
core
 -MS2 and rProteins (A) GAD-L2 and (B) GAD-






 forms a 1:1 complex with Domain III and with Domain 
III
core
 in vitro 
 
rProtein L23 has a globular domain on the LSU surface and an extension 
(L23
peptide
) that penetrates into the LSU and interacts with the rRNA of Domain III-core. 
L23
peptide
 penetrates into the LSU and interacts with DIII
core
. We characterized the 
binding stoichiometries of the interaction of L23
peptide
 with DIII or DIII
core
 in vitro using 
the method of continuous variation [126,127]. A series of solutions with constant 
[L23
peptide




] was prepared with 
variable L23
peptide
/rRNA ratios. To enable detection by fluorescence, we added an 
intrinsic fluorophore (Trp) to the C-terminal end of the L23
peptide
. This amino acid is a 
tryptophan in the E. coli L23, but not in the T. thermophilus L23. We measured the 
increasing fluorescence intensity at 350nm with increasing moles of L23
peptide
 with DIII 
and DIII
core
 RNA (Figure 5.6). 
 
 
Figure 5.6. Fluorscence spectra of Domain III and L23
peptide
 at different molar ratios. 






We inferred the stoichiometry of binding from the discontinuity in the plot of 
fluorescence intensity versus mole fraction of L23
peptide
. The results indicate that L23
peptide
 
forms a 1:1 complex with both DIII and with DIII
core
 (Figure 5.7). These experiments 
were conducted in the presence of monovalent cations only. Upon the addition of Mg
2+
, a 
more complex interaction between L23
peptide
 and both DIII and DIII
core





Figure 5.7. Continuous variation of fluorescence intensity versus the mole fraction (X) of 
L23peptide. A) The second component is DIII rRNA. B) The second component is 
DIII
core
 rRNA. The trend lines intersect at x=0.53 for DIII and at x=0.52 for DIII
core
, 





Computational analysis of RNA-protein contacts 
  
Coordinates of ribosomal proteins were extracted from the crystal structure of the T. 
thermophilus 70S ribosome (PDB 2J01). The nucleic acid residues of 23S rRNA and 
amino acid residues of rProteins are named according to the numbering scheme of the T. 
thermophilus crystal structure. 
 Van der Waals contacts of rProteins with 2° domains of 23S rRNA (Table 4.1) 
were identified as a DIII – rProtein atom pair for which the distance between the atoms 
was less than the sum of their Van der Waals radii. 
 
Geometric analysis of molecular interactions  
  
RNA-RNA interactions were taken directly from analysis with FR3D [108] using 
the same nomenclature as FR3D, which was developed by the BGSU RNA Structural 
Bioinformatics Lab. Interactions with the neighboring base pair within the same helix 
were filtered out. The Mg
2+
 - phosphate interactions were calculated directly from the 
crystal structure: a base-phosphate and Mg
2+
 within 2.6 Å of each other were defined as 
interacting. RNA-protein calculations were computed directly from the crystal structure: 
RNA within 3.4 Å of any atom of L23 was defined as contacting. Coulombic interactions 
were defined at cutoff distance of 5.5 Å between a NH3
+
 of lysine or arginine R-groups 
and a phosphate group of the RNA backbone. H-bonds were defined as a partially 
positive R-group hydrogen located within 3.4 Å of a partially negative atom of a nucleo 
base. Cation-pi interactions were defined by a cutoff distance of 6 Å and a cutoff angle θ 
of 60
o
 between the normal to the plane of the pi-system and the vector connecting the 
center of the pi-system of a nucleobase to the NH3
+
 of an amino acid R-group [111].  
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 DIII rRNA. The DNA gene encoding DIII rRNA was constructed by recursive 





 is defined here as 23S rRNA nucleotides G1271-U1406 
and A1596-G1647 connected with a 5’gccGUAAggc-3’ stem-loop (Figure 5.1C). The 




 gene was synthesized in two sequential PCRs with Pfu polymerase 
under standard cycling conditions. In the first PCR, part of DIII
core
 gene, C1295-G1647, 
was synthesized by recursive PCR [128,129]. In the second PCR, an EcoRI site, T7 
promoter (5’-TAATACGACTCACTATAGGG-3’), and the remainder of the DIII
core
 
gene (G1271-T1294) was appended upstream, and a HindIII site appended downstream 
of C1295-G1647.  
In the first PCR the forward primer was 5’-CGCCGTAAGCCCAAGGGTT-3’, 
and the reverse primer was 5’-CGCGCCTGAGTGCTCTTGCACC-3’. Four partially 
complimentary oligos comprised the template: (i) 5’-
CGCCGTAAGCCCAAGGGTTCCTACGCAATGGTCGTCAGCGTAGGGTTAGGCG
GGACCTAAG-3’ (sense), (ii) 5’-
TAACCGGCTGCCCTTCGGCTACGCCTTTCGGCTTCACCTTAGGTCCCGCCTAA
CCCTAC-3’ (compliment), (iii) 5’-
CGAAGGGCAGCCGGTTAATATTCCGGCCCTTGCCGTAAGGCAACCCGTACCG
CAAACCGACACAGGTGGGCG-3’ (sense), and (iv) 5’-
CGCGCCTGAGTGCTCTTGCACCCGCCCACCTGTGTCGGT-3’ (compliment). The 
stem-loop connecting the two T. thermophilus 23S rRNA fragments appears in the fourth 
oligo (underlined). 
 In the second PCR the forward primer was 5’-
GTGGGAATTCTAATACGACTC-3’, and the reverse primer was 5’-
CACCAAGCTTCGCGCCTGAGTGCTCTTGCACC-3’. Two partially complementary 
dsDNAs comprised the template in the second reaction: (i) the purified amplification 
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product from the first PCR, and (ii) a dsDNA encoding the 5’-EcoRI-T7 promoter-
G1271-T1294-3’ DIII
H54-H59
 and a C1295-T1313 complementary region (5’-
GTGGGAATTCTAATACGACTCACTATAGGGATAAAGAGGGTGAGAATCCCTC
TCGCCGTAAGCCCAAGGGTT-3’). The latter dsDNA was an equimolar mixture of 
fully complementary, synthetic ssDNAs (MWG Operon). 
 The product of the second PCR was cloned to pUC19 at the EcoRI and HindIII 





 Transcription reactions were performed by the run-off method [130], using the 
MEGAscript High Yield Transcription Kit (Applied Biosystems). pUC19 constructs 
containing the DIII
core
 sequence were linearized by digestion with HindIII and purified by 
DNA Clean & Concentrator Kit as described above. Linearized construct (0.5 µg) was 
transcribed in 20 µL reaction volumes for 14 hours at 37 °C. Transcription reaction 
conditions were scaled as appropriate to optimize purity and yield. RNA products from 
transcription reactions were recovered by ammonium acetate precipitation and 
resuspended in nuclease-free water (IDT). Yields were quantified by UV absorbance. 
 
SHAPE Analysis  
 
 Selective 2’-hydroxyl acylation analyzed by primer extension (SHAPE) methods 
were adapted from published protocols. SHAPE was performed on DIII and DIII
core
 RNA 
as described [122]. In vitro-transcribed a-rRNA was prepared in TE buffer (10mM Tris–
HCl, 1mM EDTA, pH 8.0) at 100 ng/ml a-rRNA. Thirty-two microliter aliquots of the 
RNA solution were added to 4 ml of 10X folding buffer (500mM NaHEPES pH 8.0, 2M 
NaOAc, varying MgCl2) and incubated at 37 °C for 20 min.  




Constructs for the yeast three-hybrid assay 
 
 L23-GAD protein hybrid. L23 (accession number F6DEQ0) was amplified from 
genomic DNA (primer sequences in Table III) and cloned into pACTII at restriction sites 
BamHI and XhoI.  
 DIII-MS2 and DIII
core
-MS2 RNA hybrids. From the transcription vectors 
described above, DIII and DIII
core
 were amplified (primer sequences in Table III) and 
cloned into the T-cassette vector [131] at the SphI restriction site.  
 Positive control p50/p53. RNA hybrid p50-MS2 and protein hybrid GAD-p53 
vectors were a generous gift from James Maher [131,132]. 
 
Yeast three-hybrid assay 
 
 Three-hybrid assays were performed in the YBZ-1 yeast strain as described 
previously [124]. Double transformants were selected in medium lacking adenine and 
leucine (CM-AL), and subsequently grown in media lacking adenine, leucine and 
histidine (CM-ALH) with 0, 0.1, 0.2, 0.3, and 0.4 mM 3-AT. Interactions between DIII or 
DIII
core
 RNA and L23 result in activation of the GAL4 promoter and HIS3 gene 
transcription and quantitatively evidenced by growth in CM-ALH media. HIS3 activity in 
this assay correlates with RNA–protein affinity as measured in vitro over a 10-fold to 
100-fold range [124]. Positive controls were p50-MS2 and GAD-p53 [132]. Negative 
controls included assays of each protein hybrid with only the MS2 RNA (T-cassette 








, comprising amino acids His58-Ala79 and Trp80, was produced by 
RS Synthesis (Louisville, KY). Maintaining a constant total concentration of RNA and 
peptide, the mole fraction of L23
peptide




was evaluated after peptide hydrolysis with hydrochloric acid to their constituent amino 





 in the sample was determined to be 110 µM. L23
peptide
 was 
hydrolyzed in 6 M HCl at 150 °C for 6h in Pierce Vacuum Hydrolysis Tubes. After 
hydrolysis, sample was concentrated by removing the hydrochloric acid via a stream of 
Argon directed to the surface of the sample. The dried sample was redissolved in 20 mM 
Tris-HCl buffer (pH 6.8) and absorbance of Trp80 in the hydrolyzed sample was 
measured at 278 nm. 
 Stock solutions (65 µM DIII RNA; 73 µM DIII
core
 RNA; 110 µM L23
peptide
; each 
in 20 mM Tris-HCL, pH 6.8) were used to make 10 solutions of peptide-RNA in which 
the mole fraction of peptide was varied from 0.0 to 1.0. The RNA and the peptide were 
suspended in 10 µL of 20 mM Tris-HCl buffer (pH 8.3) and heated to 85 °C for 30 
seconds, then cooled to 30 °C at a rate of 1.5 °C/minute. One microliter of each mixture 
was placed in a microtiter plate and the fluorescence emission read at 350 nm using 






The architecture of the ribosome has profound implications for our understanding 
of ribosomal assembly and function, and evolution of early life. The architecture of the 
ribosome can be probed experimentally.  Both rRNA and rProteins can be fragmented 
into hypothetical evolutionary and functional units and the units can be assayed for 
ability to fold and function. 
 
rRNA is composed, at least in part, of autonomously folding sequences of RNA 
with intrinsic ability to fold and assemble with proteins and small molecules. These 
rRNA substructures can be extracted from the ribosome by molecular biological 
techniques and employed as isolated native-like rRNA components. One of the best-
characterized rRNA substructures is Puglisi’s Dec-Center27 (our nomenclature), a 27-mer 
RNA extracted from the 16S rRNA [134]. Dec-Center27 alone autonomously folds to the 
conformation observed in small subunit A-site of the intact ribosome. Antibiotics that 
target the A-site of the small subunit in vivo bind to Dec-Center27 in vitro. A second well-
characterized rRNA substructure is Draper’s GAR58 (GTPase-associated region), a 58-
mer RNA extracted from the 23S rRNA that autonomously folds to the conformation 
observed in the large subunit [135]. GAR58 rRNA autonomously folds and binds to its 
ribosomal partner rProtein L11.  
 
Many rProteins have globular domains on the subunit surface, and extensions that 
penetrate the subunit core [118]. Ribosomal proteins can also be cleaved, by molecular 
biological techniques, into globular domains and extended tails (rPeptides). In many 
cases rPeptides bind specifically to their native ribosomal pairing partners. rPeptides 




We have proposed that some of the these extensions of rProteins are molecular 
fossils that predate the globular protein domain in evolution [18].  In our conception of 
ancestral ribosomes, small independently-folding RNA elements associated with short 
peptides.  Such complexes assembled to form a primitive peptidyl transferase center, 
which performed non-coded condensation reactions, without participation of the SSU 
(also see Fox, [39]).   
 
Here we have deconstructed a portion of the ribosome into relatively small RNA 
and protein elements that retain the ability to fold and assemble. We have extracted 





 retains the ability to fold into a near native structure. rProtein L23 
specifically interacts in vivo with both DIII and DIII
core
, independently of other 
components of the ribosome. This interaction suggests that DIII
core
 represents a functional 
rRNA unit in the context of DIII-L23 assembly. Furthermore, the ‘un-structured’ 
extension of rProtein L23 that we call L23
peptide
 sustains the interaction function in vitro, 
with both DIII and DIII
core
. The L23 extension peptide supports assembly independent of 
any stabilizing effects contributed by the globular domain of L23. The ability of L23
peptide
 
to form a 1:1 complex with both DIII and DIII
core
 suggests that L23
peptide
 is a functional 
rProtein unit. 
 
The results here are consistent with our model of continuous size distribution of 
folding and assembly elements. We demonstrate that a short fragment of a ribosomal 
protein (rProtein extension L23
peptide
; 21 aa long), does bind specifically to fragments of 
ribosomal RNA (DIII
core
 and DIII) in vitro.  
 
The biological functions of ribosomal protein extensions remain unclear. The 
extensions of rProteins L4 and L22 can be deleted from E. coli without deleterious 
consequence in ribosomal assembly and function[136]. Mutations in the extensions of L4 
and L22 confer macrolide antibiotic resistance in E. coli [137].  Little is known about the 
requirement for the L23 extension, which lines the exit tunnel; however, a recent study 
suggests that the L23 extension could interact with ribosome-bound nascent polypeptides, 
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triggering a conformational change in L23 globular domain, where TF binds, to regulate 
TF recruitment.   
 
Domain III of the 23S is phylogenetically variable and, in some mitochondrial 
rRNAs, is absent [43]. In fragmented bacterial 23S rRNAs, Domain III contains unique 
fragmentation site that lacks a stem-loop structure found at other fragmentation sites 
[138].  
 
rProtein L23 is essential in E. coli [139], but expendable in Bacillus subtilis [140]. 
In addition to functions in docking of both TF and SRP, L23 is capable of binding to 
SecA, which is proposed to post-translationally recognize secretory proteins [141].  L23 
is not present in eukaryotic ribosomes; however, rProtein L39e occupies a similar 
position in the eukaryotic and archaeal exit tunnel [142]. 
 
The ribosome as whole is quite robust and has functional plasticity.  L23 is multi-
functional yet is not universally necessary for function; similarly, Domain III is highly 
variable and not universally required for translation.  It is intriguing that this dynamic 
ribosomal protein maintains in vivo binding to DIII rRNA in the absence of supporting 
interactions from other rRNA and rProteins in the assembled ribosome.  Even further 
lacking supporting interactions; L23
peptide





 Our work supports a platform on which deconstructing the ribosome and 
exploring its units of modification further elucidates structure, function and evolution of 
this complex molecular machine. In addition, the non-uniform distribution of the DIII-
L23 interaction unit offers targets for antibiotics.  The ability to isolate the DIII-L23 
interaction from the fully assembled ribosome both in vivo and in vitro also offers 
relatively simple, and potentially high-throughput, assays to test antibiotic activity.  
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Evolutionary implications of ribosomal deconstruction 
 
Structure, like sequence, reveals information about macromolecular origins and 
evolution. The pioneering work on structural elucidation of the ribosome [16,67,81] 
allows a detailed investigation of ribosomal evolution. The studies presented here have 
demonstrated that the modern ribosome holds fossilized motifs that can be traced back to 
decipher the origins of ribosome. Deconstruction allows us to look at the ribosome in 
pieces, rather than a whole, and compare the pieces relative to one another. A skeletal 
form of the ribosome is most likely to comprise of structural and functional elements that 
were integral to the earliest form of ribosome, as it would have existed in early life.  
 
Reducing down the ribosome to its minimal components able to retain its most 
essential function, peptidyl transferase activity, was first attempted in 1982 [143]. Since 
then, numerous models have been proposed about the earliest forms of ribosome 
including the concept of proto-ribosome. This ancient ribozyme was a dimeric RNA 
assembly (Figure 7.1) postulated to have formed spontaneously by gene duplication or 
gene fusion. The proto-ribosome is posited to have catalyzed non-coded peptide bond 
formation and elongation [16].  
 
 
Figure 7.1. Schematic representation of ‘pocket-like’ proto-ribosome showing simple 
catalytic peptidyl transferase activity [Adapted from [16]]. 
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Relics of the proto-ribosome can be found in the symmetrical rRNA pocket 
located at the active site of the modern ribosome [16,52,144]. In an otherwise asymmetric 
ribosome, this symmetric “pocket” is accommodated in the PTC and remains highly 




Figure 7.2. Symmetrical region within the large ribosomal subunit. The remnants of the 
proto-ribosome is shown in blue and green [Adapted from [16]]. 
 
Recent developments and future directions 
 
Recently, a model of ancestral PTC (a-PTC) designed from a consensus among 
previous proposals of ribosomal evolution has shown experimentally that fragments of 
rRNA and protein from the oldest part of the extant ribosome (Figure 7.3) can associate 
both in vitro and in vivo.  The rRNA fragments were joined together to form a single 
RNA polymer called the a-rRNA which folds to a near-native state independently of the 
remainder of the LSU [45]. 
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Figure 7.3. 3D model of the a-PTC within the modern LSU surface (light gray, 
transparent).  a-rRNA (shown in brown ribbon and blue stem loops) is shown in contact 
with five ancestral fragments of ribosomal proteins L2, L3, L4, L15 and L22 (in surface 
representation green). [Adapted from [45]] 
 
The model of the a-PTC contains the proto-ribosome. Unlike the proto-ribosome, 
which is devoid of peptides, the a-PTC contains fragments of rProteins that interact 
specifically with the rRNA of a-PTC. The proto-ribosome appears to represent a model of 
a smaller, even more primitive ancestor of the a-PTC [45]. 
 
Though both a-PTC and Domain III demonstrate independent folding and 
assembly, Domain III is not included in the model of a-PTC. Parts of Domain V of the 
23S rRNA are believed to be among the most ancient parts of the ribosome 
[10,17,48,145] while Domain III is thought to be a more recent addition [41]. Earlier 
studies [94] and the results presented in this thesis support the hypothesis that Domain III 
was added as an intact entity to the ancestral ribosome. Such an evolutionary model is 
consistent with the absence of Domain III from certain mitochondrial rRNAs, such as that 
of Trypanosoma brucei [146].  
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In our conception of ribosomal origins, small independently-folding RNA 
elements associated with short peptides.  The PTC evolved into the modern LSU, in a 
series of cooptions that left unaltered the basic structure and function of the PTC. This 
model predicts a continuous size distribution of folding and assembly elements within the 
LSU. We anticipate autonomy and specificity of folding and interaction of small, mid-
sized and large rRNA and protein components.   
 
For future work, we would continue to probe ribosomal assembly to identify other 
ribosomal fragments that are capable of folding and assembly, independent of the 
remainder of the ribosome. We propose to develop a simple assay to screen for small 
molecules that can disrupt the interaction between such fragments of rRNA and rProteins 
much like as the interaction between Domain III and L23
peptide
. Such a screening method 
will help in the identification of potential lead compounds for development of antibiotics 
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